The objective is to investigate the effect of atmospheric pressure dielectric barrier discharge (APDBD) plasma and subsequent cellulase enzyme treatment on the properties of flax fabrics. The changes of surface morphology and structure, physico-mechanical properties, hydrophilicity, bending properties, whiteness, and dyeing properties of the treated substrate were investigated. The results indicated that atmospheric pressure dielectric barrier discharge plasma pre-treatment and subsequent cellulase enzyme treatment could diminish the hairiness of flax fabrics, endowing the flax fabrics with good bending properties, water uptake and fiber accessibility while keeping their good mechanical properties compared with those treated with cellulase enzyme alone.
Introduction
Flax fabrics have been assigned more and more importance for their good characteristics, such as bacteriostatic, hygroscopic, fast drying, gas-permeable, uvioresistant and antistatic properties, and furthermore, they are also well-pressed and not easily stained [1] . However, flax fiber has high crystallinity and orientation, high rigidity, high stiffness, poor cohesion, especially short string, which result in long and stiff yarn hairiness, causing the flax fabrics to have harsh handfeel and poor comfort. Traditional singeing process can reduce the surface hairiness, however, it cannot fundamentally solve this problem. In the subsequent fabric processing, mechanical friction can bring about new hairiness, and the hairiness becomes stiff by means of alkali in the bleaching process, which results in harsh handfeel, serious scratchiness and bad surface finish [2−4] .
Biological enzyme technology is a kind of green technology and is receiving more and more attention in relevant communities [5, 6] . They enjoy high performances, e.g., they are easy to use in the process without high temperature, high pressure, strong acid, strong alkali and strong oxidizing agents, they are biodegradable and environmentally friendly, specific to the substrate, etc. These unique performance advantages make them widely used in the textile industry. Using a biological enzyme for flax fabric processing can remove the impurities and hairiness on the fabric surface, smooth the surface, improve handfeel and comfort, etc. Unfortunately, the biological enzyme technologies have adverse effects on the fabric's mechanical properties, which limit their widespread applications [7−9] .
Atmospheric pressure dielectric barrier discharge plasma (APDBD plasma) is a kind of new plasma technique nowadays. It possesses many excellent properties, such as discharging under atmospheric pressure and no need of vacuum environment, high discharge efficiency, high electron temperature, active high particle density, high efficiency of treatment of textile materials, environmentally friendly, easy to popularize, etc., which attracts extensive attention of science and technology [10−13] .
Plasma etching is an effective modification technology, which can change the surface tension, chemical component, surface morphology. Plasma etching can bring about many cracks on the fiber surface, which improve the approachability of the crystal region of the fibers [14, 15] . Enzyme molecules cannot permeate into the inner of the fibers. They can only attack the approachable chains on the fiber surfaces. Plasma pre-treatment can improve the effect of enzyme treatments, which further improves fiber properties [16−18] . By now there are only reports about the modification of flax fabrics with low-pressure plasma-enzyme techniques [19, 20] . Due to its inherent limitations, the applications of low-pressure plasma are limited.
The present work aims, therefore to investigate the effects of APDBD plasma pre-treatment and subsequent combined cellulase enzyme treatment on flax fabrics as well as the changes in their properties.
Experiments

Materials
100% finished flax fabric (plain weave, 412 g/m 2 , 9×9 yarns per cm) was supplied from a local supplier. Cellulase enzyme was kindly supplied by Novozymes (China) Biotechnology Co., Ltd. under the chemical name of Cellusoft CR (Bio Prep 3000 L based) with an activity of 4000 APSU/g. C. I. Direct Orange 39 and C. I. Direct Red 81 were obtained from DyStar dyeing technology (Shanghai) Co., Ltd. All the other chemicals were analytical reagents from Huadong Medicine Co., Ltd., China.
Specimen preparation and experiment treatment
Plasma treatment
Samples of flax fabrics in the size of 15.0 cm×5.0 cm were well washed with distilled water and air-dried. Then, the fabrics were treated by APDBD plasma irradiation in a DBD system (Nanjing Fenman Electronics Co., Ltd, China). The APDBD system was composed of two parallel plate electrodes, each 15.0 cm×5.0 cm and covered by quartz of 1 mm thickness. The electrodes were connected to the power supply. The treatment was carried out at atmospheric pressure and the working gas was air. The gas gap, discharge frequency and voltage amplitude in the experiment were fixed at the values of 2.0 mm, 10 kHz and 35 kV, respectively.
Enzyme treatment
A portion of APDBD plasma treated samples and the untreated control sample were subjected to cellulase enzyme modification using an aqueous solution containing 3 g/L Cellusoft CR, 3 g/L penetrating agent JFC, a buffer solution with pH 6.5 and a liquor ratio of 1:20. The solution temperature was maintained at 55 o C for 40 min. At the end the samples were washed twice, first with boiling water and then with cold water and finally air dried.
Dyeing
For more precise differentiation between APDBD plasma and/or cellulose enzyme treatment effects, "cold dyeing" at 60 o C was chosen. The flax fabrics were dyed in a bath containing 0.5% (o.w.f.) dye and 40 g/L Na 2 SO 4 at bath ratio of 1:50 for 120 min. Isothermal dyeing of fabrics was carried out in a laboratory dyeing machine-Dyemaster (Leica Biosystems Co., Ltd., German) with vertical motion of 25 rpm. After dyeing, the samples were rinsed, squeezed and dried at room temperature. Dye exhaustion was determined from the absorbance of dye solution measured at the beginning and after 5 min, 10 min, 15 min, 20 min, 30 min, 45 min, 60 min, 90 min and 120 min of dyeing. The absorbance at maximum absorption wavelength (λ max ) was measured by a S2100UV UV-Vis Spectrophotometer (United Products & Instruments, Inc., USA).
Characterization
Weight loss
Fabric weight loss was calculated on the basis of dry weight using the following formula:
where W 1 and W 2 were the dry weights of the fabric before and after treatment, respectively.
Tensile strength and bending properties
The tensile strength at maximum force was measured according to Standard 53857 of Deutsches Institut fur Normung (DIN 53857). Fabric bending properties were detected by automatic Kawabata Evaluation SystemFabric (KES FB-AUTO-A) from Kato Tech. Co. Ltd. Wrinkle recovery was obtained according to Standard 66 of American Association of Textile Chemists and Colorists (AATCC 66).
Degree of whiteness and colour strength
The degree of whiteness of flax fabrics after treatment and the colour strength of fabrics with direct dyes were measured by a Datacolor unit.
X-ray photoelectron spectra
Quantitative analysis of sample surfaces was utilized to determine percentage composition of C and O atoms using a Perkin-Elmer PHI 5600 XPS system with a Mg Kα X-ray source operating at 10 kV and 200 W. Survey scans were taken with pass energy of 48 eV. The peak intensities of C 1S (285.0 eV) and O 1S (533.0 eV) were determined.
Scanning electron microscopy
Surface morphology of the original and the treated flax fabrics has been observed by Phillips XL-30S FEG Scanning Electron Microscopy. Each sample was sputter-coated with gold for 150 s prior to the observations and a magnification of 1000 times was selected.
The cuprammonium fluidity of flax fabric was determined according to British Standard 3090 (BS3090), and the average of five measurements was expressed. X-ray diffraction pattern was determined by an XRD instrument X TRA-055 diffraction apparatus (USA thermoelectric Switzerland ARL company) which has a measuring range (2θ) from −8 o to 160 o and a reproducibility of ±0.00025
o . The crystallinity ration (Cr·R) was calculated from formula (2):
where Cr · R is crystallinity ratio, 
Fabric water uptake yield and moisture regain yield
The samples were soaked in distilled water with the liquor ratio of 1:20 for 24 h. Then the samples were introduced into the centrifugal dehydrator with the rate of 3000 r/min for 3 min to gain the mass of the sample W 1 . The sample was kept in 65% humidity environment for 24 h to get the measured quality W 2 . At last, the sample was dried at 105 o C for 3 h to get the quality W 0 . The fabric water uptake yield and moisture regain yield can be obtained from Formula (3) and (4) using the average values of five repeated measurements.
3 Results and discussion 3.1 X-ray photoelectric spectra of the flax fabrics
The relative intensities of O 1S and C 1S spectra are shown in Table 1 to characterize the chemical composition percentages of the flax fiber surface in terms of O 1S /C 1S ratio. The chemical states of atoms indicated by the relative peak area can be made out by separating the C 1S spectrum wave. The C component can be further divided into four subdivisions with the peak at 284 eV expressing CH, the peak at 286.2 eV expressing C−O, the peak at 287.6 eV expressing C=O and the peak at 288.9 eV expressing COOH [22] . The values of their relative peak areas are also shown in Table 1 to represent the chemical component percentages. It can be seen that the CH and COOH components on the fiber surface increased sharply after being treated by APDBD plasma. The reason may be that APDBD plasma broke the glucoside bonds, inducing the formation of the free radical CH. Moreover, the plasma also oxidized the components on the fiber surfaces to form activated carbonyls. As for the samples treated by Cellusoft CR, the COOH component increased compared with that of the control sample. Cellusoft CR decomposed the glucoside bonds and new C−OH groups were brought out. The newly generated C−OH groups were unstable and could be oxidized into COOH by the oxygen in the air [23, 24] . The COOH content of the APDBD plasma-pretreated samples was reduced obviously by Cellusoft CR treatment adversely, as the cellulase enzyme Cellusoft CR digested the oxidized layer caused by the plasma, which made the content of COOH decline. Fortunately, C−O content increased, compared with the control sample, as the glucoside bonds were broken down by Cellusoft CR.
Surface morphology of the flax fabrics
Scanning electron microscopy (SEM) was used to analyze the change of the surface morphology of flax fabrics before and after being treated with APDBD plasma and/or Cellusoft CR. SEM micrographs of flax fabrics illustrated a progressive change of the surface morphology with APDBD plasma and Cellusoft CR treatments. As shown in Fig. 1 , some cracks began to appear on the surface after APDBD plasma treatment ( Fig. 1(b) ). But the change was not distinguishable. The cracks' formation on the surface of the flax fabrics might be due to plasma etching. When plasma was produced, a large number of highly energetic, active particles were produced. These high-energy ions interacted with the surfaces of the flax fabrics. The combined effects of ion bombardment, ion-assisted chemical reaction, reaction etching etc. brought about plasma etching, causing some cracks on the surface of the flax fabrics. But the small fiber ends on the yarn surface did not obviously decrease. When the flax fabrics were treated with Cellusoft CR or APDBD plasma plus subsequent Cellusoft CR ( Fig. 1(c), (d) ), the surfaces of the flax fabrics became smooth and the small fiber ends disappeared from the yarn. The sample treated with both APDBD plasma and subsequent Cellusoft CR had a smoother surface. The changes on the surface morphology after Cellusoft CR treatment can be explained by the cleavage of the Cellusoft CR enzyme [6] . APDBD plasma could not effectively cleave the small fiber ends [12] , but it could improve the effect of the Cellusoft CR treatment. Table 2 shows the fabric strength change and weight loss before and after APDBD plasma and/or Cellusoft CR treatment. The fabric strength decreased seriously after Cellusoft CR treatment. But the fabric strength increased slightly after it was pretreated by APDBD plasma. The increase of the fabric strength might be attributed to the effect brought about by the atmospheric pressure plasma etching on the fabric surfaces, which made the surfaces rougher and increased the inter-fiber friction [12] . As for the plasma-pretreated sample, the fabric strength decreased slightly after Cellusoft CR treatment, which proves that atmospheric pressure plasma pretreatment could alleviate the adverse effects of enzyme modification on the fabric mechanical properties. From the table, it can also be seen that APDBD plasma had little effect on the fabric weight loss. But due to etching and oxidation, plasmapretreatment could promote the enzymatic degradation to the flax fabrics and shorten the time of Cellusoft CR with the flax fabrics, which made the fabric weight loss further deteriorate [18] . 
Fabric strength and weight loss of the flax fabrics
Crystallinity of the flax fabrics
Crystallinlity is one of the most important factors influencing the mechanical properties of the flax fabrics. Relevant results of the analysis of the cuprammonium fluidity and X-ray crystallinity of the flax fabrics before and after APDBD plasma and Cellusoft CR treatments are shown in Fig. 2 and Table 3 . It can be seen, from Fig. 2 and Table 3 , that the cuprammonium fluidity, the crystallinity and the orientation index of the modified flax fabrics are similar to those of the control flax fabrics. In other words, the APDBD plasma and/or Cellusoft CR treatment did not significantly alter the cuprammonium fluidity, the crystallinity and the orientation index of the flax fabrics, which proved that the APDBD plasma and/or Cellusoft CR treatment could not change the non-mechanic properties of the flax fabrics. These results were in agreement with the report by Kan C W [20] . Plasma treatment could only take effect on the material surface. Plasma pre-treatment could alleviate adverse effects of cellulase enzyme on the mechanic properties of the flax fabrics.
Bending properties of the flax fabrics
The values of bending rigidity, bending hysteresis and wrinkle recovery of the samples before and after APDBD plasma and/or Cellusoft CR treatment are shown in Table 4 . It can be seen that the reduction in fabric bending stiffness caused by either APDBD plasma or Cellusoft CR treatment is noticeable. Under the processing of APDBD plasma or Cellusoft CR, the breakage of surface polymer molecules might occur, making the fabric fiber more flexible for bending [19] . Furthermore, the values of fabric bending stiffness with APDBD plasma and subsequent Cellusoft CR treatment declined more, which means that APDBD plasma treatment could facilitate the effect of Cellusoft CR treatment on flax fabrics. However, only slight improvement of fabric wrinkle recovery percentage was found after APDBD plasma and Cellusoft CR treatment. 
Whiteness of the flax fabrics
The whiteness of the samples before and after treatment was detected, as shown in Table 5 . From the table, it can be seen that the whiteness of the sample treated by Cellusoft CR did not change obviously. But the whiteness index value of the sample pretreated with APDBD plasma decreased sharply. The probable reason is that the flax fabric surface was oxidized by the reactive oxygen species under the air plasma atmosphere, which caused yellowing of the color of the flax fabric [17, 18] . Fortunately, after Cellusoft CR treatment, the whiteness index value returned close to its original value. The increase of flax whiteness was mainly attributed to the decomposition of the oxide layer of the flax fabric brought about by plasma treatment when the samples were modified in the enzyme solution [17, 18] . 
Moisture regain and water retention of the flax fabrics
Owing to the existence of the hygrophilicity and infiltration of space in the fabrics, the fabrics' absorbed water can exist in two forms. One part is the bound water which connects with the hygrophilic groups in the fabrics. The other is the free water existing in the internal void of the fabrics [25, 26] . Water retention of the fabrics is the free water absorbed and contained outside the fiber after the fiber swelling, which cannot flow away by itself under gravity. The measured data of the moisture regain and water retention of linen fabrics are listed in Table 6 . From the data, it can be seen that after the treatment of Cellusoft CR and atmospheric pressure plasma, the moisture regain of the flax fabrics remarkably increased, whereas the water retention of the flax fabrics, its moisture content after dehydration, decreased. In particular, the phenomena for the samples processed by atmospheric pressure plasma and subsequent Cellusoft CR were remarkable. The possible reason is as follows. In atmospheric pressure plasma treated fabrics, the nonpolar chain segments on the flax fiber surface were oxidized, resulting in the formation of a carboxyl group. During the cellulase enzyme treatment, the enzyme hydrolyzed the flax fibers into short segments and cleaved glucose from the molecular chains, followed by oxidation of the newly generated groups and resulting in the formation of carboxyl groups [23, 24] . The short end fibers cleaved off the flax fabrics and the large voids between the molecules disappeared or reduced. 
Dyeing properties of the flax fabrics
The dyeing properties of the untreated control, the Cellusoft CR treated and/or APDBD plasma pretreated flax fabrics are illustrated in Table 7 . It is obvious from Table 7 that for the APDBD plasmapretreated samples dyed with C.I. Direct Red 81, a direct dye of a smaller molecular size, the dyeing rates did not change significantly but there was a slight improvement in the final exhaustion percentage. Furthermore, the K/S value increased slightly. These increments might be due to the porous surface structure created by the APDBD plasma etching which brought out the increment of dye absorption [27] . As for the large molecular size dye C. I. Direct Orange 39, the dyeing rates and dyeing depth (K/S value) decreased slightly. However, the final exhaustion percentage increased. The reason may be that the changes in flax fiber shape and size after being pretreated by APDBD plasma greatly affected the color reflection of the fabrics dyed by a larger dye molecule [19, 20] . The final exhaustion percentage and the K/S value of the samples pretreated by APDBD plasma-Cellusoft CR or Cellusoft CR alone were greatly reduced, especially when dyed with a direct dye with large molecular size (orange dye). The dyeing rate was also greatly declined for the C. I. Direct Orange 39. However, as for the C. I. Direct Red 81, the value was enhanced. As the cellulase digested the amorphous regions and reduced the accessibility of the large dye molecule to the fiber, a reduction of final exhaustion percentage and shade depth would occur. Also APDBD plasma, the enzyme and their combinations of treatment could enhance the hygrophilic property of the flax fabric in addition to the physical changes. The reason might be that the enhancement of hygrophilicity of the flax could increase the possibility of approaching the flax fiber surface for the C. I. Direct Red 81 with small size molecule, so its dyeing rate value was enhanced [19, 20] . From the table, it can also be seen that APDBD plasma pre-treatment alone could improve the dye fastness properties. APDBD plasma could enhance the interaction between the dye molecules and the fiber surfaces. As a result, the colorfastness could be improved. But the colorfastness decreased after Cellusoft CR treatment. The cellulase enzyme digested the plasma-activated layer on the fibers, which led to the decline of the colorfastness.
Conclusions
During this study, flax fabrics were pretreated with APDBD plasma and subsequently treated with cellulase enzyme. The APDBD plasma pre-treatment could change the flax fabric surface chemistry and morphology and enhance the dye accessibility to the fiber surface. By the aid of APDBD plasma pre-treatment, the effectiveness of cellulase enzyme could be improved by a faster reaction and lower mechanical strength loss of the flax fabric. The water uptake and bending properties were significantly improved after APDBD plasma pretreatment with further cellulase enzyme digestion. The fabric whiteness declined after APDBD plasma pretreatment and the subsequent cellulase enzyme treatment could recover it effectively to the original condition.
